Traverse in concert to sculpt the time course of the resulting slow EPSC. This in turn drives a long-lasting train of action potentials in Slater. Prolonged physiological entrapment of glutamate in the response to single presynaptic stimuli. synaptic cleft of cerebellar unipolar brush cells. J. Neurophysiol. 78: 1320Neurophysiol. 78: -1333Neurophysiol. 78: , 1997. The cellular mechanism underlying the genesis of the long-lasting a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid ( AMPA ) -receptor-mediated excitatory I N T R O D U C T I O N postsynaptic currents ( EPSCs ) at the mossy fiber ( MF ) -unipo-Glutamate is the principal excitatory neurotransmitter in lar brush cell ( UBC ) synapse in rat vestibular cerebellum was the vertebrate CNS, and the factors that govern the time examined with the use of whole cell and excised patch-clamp course of excitatory postsynaptic currents (EPSCs) at glutarecording methods in thin cerebellar slices. Activation of MFs matergic synapses is a topic of considerable importance in evokes an all-or-none biphasic AMPA-receptor-mediated synapunderstanding information processing within the brain (Coltic current with a late component that peaks at 100 -800 ms, lingridge and Lester 1990; Mayer and Westbrook 1987; which has been proposed to originate from an entrapment of glutamate in the MF-UBC synaptic cleft and is generated by the Storm-Mathisen et al. 1995) . The time course of glutasteady-state activation of AMPA receptors. Bath application of matergic EPSCs is governed by many factors, which include cyclothiazide, which blocks desensitization of AMPA receptors, the identity and molecular composition of postsynaptic reproduced a dose-dependent enhancement of the amplitude of the ceptors, the ultrastructural geometry of the synaptic cleft, synaptic current ( median effective dose 30 mM ) and slowing of proximity of coactive synapses, synchrony of presynaptic the rise time of the fast EPSC. N-methyl-D-aspartate-receptorrelease, and localization of glutamate transporters (Clements mediated EPSCs in UBCs were not potentiated in amplitude Edmonds et al. 1995; Isaacson and Walmsley 1995; or time course by cyclothiazide ( 100 mM ) . The dose-response Jonas and Spruston 1994; Jones and Westbrook 1996; relations for the steady-state current evoked by glutamate acting McBain and Mayer 1994; Nakanishi 1992; Takahashi et al. at AMPA receptors in excised outside-out patches from UBC 1997). At the majority of glutamatergic synapses the EPSC and granule somatic membranes was biphasic, peaking at 50 mM is composed of both fast a-amino-3-hydroxy-5-methyl-4and declining to 50 -70% of this value at 1 mM glutamate.
Glutamate is the principal excitatory neurotransmitter in lar brush cell ( UBC ) synapse in rat vestibular cerebellum was the vertebrate CNS, and the factors that govern the time examined with the use of whole cell and excised patch-clamp course of excitatory postsynaptic currents (EPSCs) at glutarecording methods in thin cerebellar slices. Activation of MFs matergic synapses is a topic of considerable importance in evokes an all-or-none biphasic AMPA-receptor-mediated synapunderstanding information processing within the brain (Coltic current with a late component that peaks at 100 -800 ms, lingridge and Lester 1990; Mayer and Westbrook 1987;  which has been proposed to originate from an entrapment of glutamate in the MF-UBC synaptic cleft and is generated by the Storm-Mathisen et al. 1995) . The time course of glutasteady-state activation of AMPA receptors. Bath application of matergic EPSCs is governed by many factors, which include cyclothiazide, which blocks desensitization of AMPA receptors, the identity and molecular composition of postsynaptic reproduced a dose-dependent enhancement of the amplitude of the ceptors, the ultrastructural geometry of the synaptic cleft, synaptic current ( median effective dose 30 mM ) and slowing of proximity of coactive synapses, synchrony of presynaptic the rise time of the fast EPSC. N-methyl-D-aspartate-receptorrelease, and localization of glutamate transporters (Clements mediated EPSCs in UBCs were not potentiated in amplitude Edmonds et al. 1995; Isaacson and Walmsley 1995;  or time course by cyclothiazide ( 100 mM ) . The dose-response Jonas and Spruston 1994; Jones and Westbrook 1996;  relations for the steady-state current evoked by glutamate acting McBain and Mayer 1994; Nakanishi 1992; at AMPA receptors in excised outside-out patches from UBC 1997). At the majority of glutamatergic synapses the EPSC and granule somatic membranes was biphasic, peaking at 50 mM is composed of both fast a-amino-3-hydroxy-5-methyl-4and declining to 50 -70% of this value at 1 mM glutamate.
When glutamate was slowly washed from patches to simulate isoxazolepropionic acid (AMPA) and slower N-methyl-Dthe gradual decline of glutamate in the synapse, a late hump in aspartate (NMDA)-receptor-mediated components. The the transmembrane current was observed in patches from both time course of the AMPA-receptor-mediated component of cell types. The delivery of a second MF stimulus at the peak of the synaptic current is generally very brief, reflecting the the slow EPSC evoked a fast EPSC of reduced amplitude folshort lifetime of glutamate in the synaptic cleft (1-2 ms), lowed by an undershoot of the subsequent slow current, consisbecause most glutamatergic synapses are of small diameter tent with the hypothesis that the peak of the slow EPSC reflects and glutamate is removed rapidly from the vicinity of postthe peak of the biphasic steady-state dose-response curve. Estisynaptic receptors congregated at the postsynaptic density mates of receptor occupancy and glutamate concentration deby diffusion. AMPA receptors desensitize very rapidly on rived from the ratio of fast EPSC amplitudes, and the amplitude exposure to glutamate (Tang et al. 1989; Trussell and Fisch- and polarity of the initial steady-state current in paired-pulse bach 1989) and are of low affinity (Patneau and Mayer experiments, predict a slow decline of glutamate with a time 1990). Consequently the decay of the EPSC can be shaped constant of 800 ms, declining to ineffective concentrations at 5.4 s. Manipulation of cleft glutamate concentration by lowered both by receptor desensitization and the subsequent dissociaextracellular calcium or delivery of brief stimulus trains aboltion of glutamate from the receptor (Clements 1996 ; Edished the slow EPSC and restored the undershoot to paired stim- monds et al. 1995; Jonas and Spruston 1994; Jones and uli, respectively , in a manner consistent with a prolonged life-Westbrook 1996). time of glutamate in the cleft. The slow component of the EPSC A notable exception to these principles has recently was prolonged in duration by the glutamate reuptake inhibitor emerged with the discovery of a new class of neurons in the L-trans-pyrrolidine-2,4-dicarboxylate, suggesting that glutamate cerebellum, the unipolar brush cells (UBCs) (Mugnaini et transport contributes to the time course of the synaptic current al. 1997; Slater et al. 1997a,b) . UBCs are small neurons in UBCs. The data support the notion that the MF-UBC synapse located in the granular layer of vestibular regions of the represents an ultrastructural specialization to effectively entrap mammalian cerebellum (Altman and Bayer 1977; Floris et glutamate for unusually prolonged periods of time following al. 1994; Mugnaini and Floris 1994) receiving synaptic input release from MF terminals. The properties of the postsynaptic from a single mossy fiber (MF) that interdigitates with the receptors and constraints on diffusional escape of glutamate imposed by synaptic ultrastructure and glutamate transporters act entire dendritic brush, forming a giant synapse with a very Dawley rats of either sex, ages 8-30 days postnatal. Animals were extensive area of synaptic apposition (12-40 mm 2 ) (Muganesthetized with the use of isoflurane by inhalation and killed naini et al. 1994) . The MF-UBC synapse is unusual in that by decapitation with the use of a guillotine while under general multiple release sites are apposed to a continuous postsynapanesthesia. The brain was removed by dissection and placed in a tic density within which postsynaptic ionotropic glutamate chilled (0-5ЊC) extracellular solution of the following composition receptors are localized (Jaarsma et al. 1995; Mugnaini et (in mM) : 126 NaCl, 3 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1.25 NaH 2 PO 4 , al. 1994; . Thus, after release from the 26 NaHCO 3 , and 10 D-glucose, gassed with 95% O 2 -5% CO 2 , pH presynaptic terminal, glutamate molecules cannot rapidly es-7.4, osmolarity 310 mosmol. Thin (150 mm thick) parasagittal cape from the cleft by diffusion into extracellular space, slices of cerebellar vermis were cut with the use of a vibrating precluding the rapid termination of the EPSC. The EPSC at tissue chopper (Vibratome). Slices were maintained at room temperature after the initial hour of incubation until needed for re-most MF-UBC synapses is glutamatergic, with both AMPAcording. and NMDA-receptor-mediated components. It is unusual in For recording, slices were transferred to a submersion chamber that both components are very prolonged in duration, giving mounted on the stage of an upright microscope (Leitz Laborlux) rise to an excitatory postsynaptic potential (EPSP) lasting and viewed with a Zeiss 140 (0.75 numerical aperture) watermany seconds with an associated burst of action potentials immersion objective with Hoffman Contrast Optics. The slices Slater et al. 1997b ). The AMPA-receptorwere continuously perfused throughout the experiment with extermediated EPSC at this synapse is particularly unusual in nal medium at room temperature (20-22ЊC). All recordings were that it is biphasic, with a rapidly activating and decaying made from UBCs and granule cells in the granular layer of the component that is followed by a slow EPSC (time-to-peak nodulus and uvula. UBCs were identified in living slices by their Ç300 ms) .
larger soma diameter and greater whole cell capacitance than adjacent granule cells and by their prolonged synaptic response to white It has been proposed that the ultrastructure of the matter stimulation.
MF-UBC synapse represents a specialization to entrap glutamate within the cleft for prolonged periods following release and that the biphasic nature of the AMPA component of Patch-clamp recording and synaptic stimulation the EPSC reflects an interplay between the slowly decaying concentration of glutamate ([glu] ) and the dose dependence Patch recording pipettes were fabricated from thick-walled boroof the steady-state AMPA-receptor-mediated current (Rossi silicate glass capillaries (DC resistance 3-10 MV when filled with et al. 1995) . Because the lifetime of glutamate at conveninternal solution) with the use of a Flaming-Brown horizontal pitional synapses is very brief, such steady-state currents are pette puller (Sutter Instruments). In the majority of experiments not normally observed. The dose-response relation for the electrodes were filled with an internal solution containing (in mM): this property in the following manner. nipulator and positioned over the soma of the neuron by visual After release, a fast EPSC will be observed reflecting activacontrol. Transmembrane voltage and current were recorded with tion of AMPA receptors that decays rapidly to a steadythe use of an Axopatch 1D or 200A amplifier (filtered at 10 kHz, state level because of desensitization and equilibration by 03 dB), stored on video tape (VR-10C, Instrutec), and played diffusion within the cleft volume. The [glu] within the cleft back off-line for analysis with the use of pClamp (version 0.6.0.1) will then further decay as the transmitter slowly escapes software (Axon Instruments) running on a PC-compatible 486 microcomputer (Dell). Conventional methods for whole cell re-by diffusion into extracellular space. A slow EPSC will be cording and the preparation of excised et al. (1995) is further studied here with the use of a combiconducted at a holding potential of 080 mV unless otherwise noted. nation of whole cell and excised patch recording methods to Concentric bipolar tungsten stimulating electrodes (Rhodes) critically evaluate the hypothesis. The results provide strong were placed in the white matter to activate MF inputs to UBCs. support for the notion that the MF-UBC synapse is indeed In all experiments stimuli 100 ms in duration were employed, and highly specialized for the entrapment of transmitter within all experiments were conducted in the presence of bicuculline (10 the cleft. mM) to block g-aminobutyric acid-A-receptor-mediated inhibitory synaptic currents. AMPA-receptor-mediated synaptic currents were Preliminary reports of some of these data have been prerecorded in the presence of bicuculline (10 mM) and the noncomsented Slater and Kinney 1996) .
petitive NMDA receptor antagonist 7-chlorokynurenic acid (50 mM).
M E T H O D S
Lucifer yellow (0.05%, K / salt, Molecular Probes) was included in the patch pipette in the majority of experiments to verify the Preparation of brain slices identify of recorded neuron as a UBC on the basis of the characteristic morphology of the cell (Berthié and Axelrad 1994; Mugnaini The methods for the preparation of thin brain slices and patchclamp recording of visually identified UBCs and granule cells in and Floris 1994; . After the completion of whole cell or excised patch experiments, the morphology of the recorded thin cerebellar slices employed were similar to those previously described (D'Angelo et al. 1993; Ebralidze et al. 1996; Rossi et al. neuron was viewed with the use of fluorescence attachments to the microscope. Silver et al. 1992) . Experiments were conducted on Sprague-J590-6 / 9k19$$se27 08-06-97 17:31:21 neupas LP-Neurophys
Application of drugs
The synaptic current in the presence of cyclothiazide decayed smoothly, without evidence of a secondary component. All drugs were dissolved in distilled water or dimethyl sulfoxide This result would indicate that the slow EPSC does not arise and applied by bath perfusion. The final concentration of dimethyl from the actions of glutamate at receptors located at distant sulfoxide was always õ1% in saline. The following compounds sites from that of release, because a potentiation of both comwere used: bicuculline methobromide (Sigma), D02-amino-5-pho- ponents by cyclothiazide would be anticipated. Rather, the sphonovalerate (Tocris Cookson), cyclothiazide (generous gift of results support the contention that the time course of the Eli Lilly, Indianapolis, IN), QX-314 (Alomone Laboratories), 7-AMPA-receptor-mediated EPSC is sculpted by an interplay chlorokynurenic acid (Tocris Cookson), L-trans-pyrrolidine-2,4dicarboxylate (L-trans-PDC, Tocris Cookson), and 6-cyano-7-ni-between receptor properties and cleft [glu], as previously troquinoxaline-2,3-dione (CNQX, Tocris Cookson). Drugs were suggested . Thus, when desensitization is delivered to the bath by means of a peristaltic pump that fed initially blocked by cyclothiazide, the time course of the synaptic into a premixing chamber above the microscope in which further current will reflect the time course of [glu] in the synaptic gassing with 95% O 2 -5% CO 2 was performed. Dose-response cleft when this corresponds to the linear portion of the dosecurves for the steady-state glutamate-activated current (I ss ) in outresponse curve. In the majority of cells this decay could not side-out patches were performed by the application of increasing be well fit with a single-exponential function. Fits of a double premixing chamber enabled a graded decline in [glu] to be achieved.
In addition to blocking desensitization of AMPA receptors, cyclothiazide can slow deactivation kinetics (Patneau et al. 1993; Raman and Trussell 1995b) , and it has been R E S U L T S reported that the potentiation of AMPA-receptor-mediated Experiments were conducted on ú80 UBCs located in the EPSCs at small-diameter synapses may be due in part to an granular layer of the nodulus and ventral uvula in thin rat increase in presynaptic release (Diamond and Jahr 1995). cerebellar slices. UBCs were distinguished from adjacent A slowing of deactivation kinetics would be unlikely to congranule cells by criteria previously described (Rossi et al. tribute significantly to the very prolonged time course of 1995), including their larger soma diameter (Ç9-13 mm), synaptic currents in UBCs, but an enhancement in presynapgreater whole cell capacitance, prolonged synaptic response tic release might contribute to the observed effects of to single MF stimuli, and post hoc visualization of the cell cyclothiazide. One consequence of this would be to slow morphology by fluorescent illumination of the Lucifer-yelthe rise time of the fast EPSC by disrupting the synchrony low-filled cell after completion of the experiment. All experiof release. Indeed, cyclothiazide produced a dose-dependent ments, unless otherwise noted, were performed in the presincrease in the 10-90% rise time of the fast EPSC in UBCs ence of bicuculline (10 mM), 7-chlorokynurenic acid (50 ( Fig. 2A , n Å 11), but such an effect would also be expected mM), and raised extracellular Mg 2/ (1.5 mM) at a holding for a blockade of fast desensitization alone. To further expotential of 080 mV to pharmacologically isolate the plore this, the effects of cyclothiazide were examined on AMPA-receptor-mediated EPSC.
NMDA-receptor-mediated EPSCs in UBCs. NMDA-receptor-mediated EPSCs were recorded in the absence of external Mg 2/ and the presence of 10 mM CNQX to block AMPA Time course of AMPA-receptor-mediated synaptic currents receptors. In six cells, no statistically significant effect of in UBCs cyclothiazide (100 mM) was observed on the total synaptic charge or time course of the EPSC, although a modest effect In the majority of cells examined, the time course of the AMPA-receptor-mediated EPSC in UBCs was biphasic, on the peak current was observed in four cells ( Fig. 2B) , which may reflect the direct postsynaptic actions of cyclothi-with a fast EPSC followed by a slow component that peaked in the range of 200-800 ms after the stimulus (Fig. 1A , azide previously observed in cultured hippocampal neurons (Diamond and Jahr 1995). Control). These two components of the EPSC may arise from the actions of glutamate at two independent receptor populations, or the complex time course of the synaptic cur-Dose dependence of steady-state glutamate currents in rent could arise from inherent properties of a single receptor membrane patches population. To distinguish between these possibilities, the dose-dependent effects of cyclothiazide, which blocks
The proposed hypothesis regarding the cellular mechanism underlying the genesis of the slow AMPA-receptor-AMPA receptor desensitization (Patneau et al. 1993; Yamada and Tang 1993) , was examined. mediated EPSC in UBCs Slater et al. 1997a,b) hinges critically on the assumption that the steady-Cyclothiazide produced a dose-dependent potentiation of the synaptic current at both early ( Fig. 1C ) and late ( Fig. 1D ) state dose-response relations for glutamate acting at AMPA receptors in UBCs is bell shaped. This has been previously time periods (corrresponding to the peak of the fast and slow EPSCs in Fig. 1A , Control) and the total synaptic reported for cultured cerebellar neurons (Geoffroy et al. 1991 ) and neurons of the chick nucleus magnocellularis (Ra-charge ( Fig. 1B) . Maximal effects of cyclothiazide were observed at 100 mM, with a depression of the response being man and Trussell 1992), but has not been confirmed in cerebellar neurons in situ. To examine this, excised outside-observed at higher concentrations and a median effective dose of Ç30 mM.
out patches were obtained from the somata of both UBCs J590-6 / 9k19$$se27 08-06-97 17:31:21 neupas LP-Neurophys FIG . 1. Time course of the a-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA)-receptormediated excitatory postsynaptic potential (EPSC) in unipolar brush cells (UBCs) and the dose-dependent modulation by cyclothiazide. A: AMPA-receptor-mediated synaptic currents in a rat UBC in the absence (Control) and presence of increasing concentrations of cyclothiazide, which blocks AMPA receptor desensitization. Each trace represents the average of 12 responses. Arrowhead: amplitude of the fast EPSC in Control. B-D: dose-dependent effects of cyclothiazide on the total synaptic charge (B), the peak amplitude of the fast EPSC (C), and the amplitude of the slow EPSC measured at a latency corresponding to the peak of the Control (D, 200 ms). All data have been normalized to their respective control synaptic currents and were derived from experiments with 11 UBCs. and granule cells and the steady-state dose-response curve [glu] is achieved (ú50 mM) at the MF-UBC synapse in those cases in which a slow EPSC can be observed to follow for glutamate was studied by bath application of glutamate (1 mM-1 mM) in the presence of bicuculline (10 mM), a single stimulus, and the slow EPSC observed reflects this inherent property of AMPA receptors. If this is correct, then 7-chlorokynurenate (50 mM), and 1.5 mM external Mg 2/ . In each experiment, the steady-state current at a given [glu] one should expect to observe a slow hump in the steadystate patch current when glutamate is washed gradually from was normalized to that observed in the presence of 50 mM glutamate. In both UBCs ( Fig. 3A ) and granule cells (Fig. the bath for patches from both cell types; this was also the case (Fig. 3, B and D) . Thus the slow EPSC can be simulated 3C) the steady-state dose-response curve was indeed bell shaped, with a maximal current being observed at 50 mM in an excised somatic patch, and the properties of AMPA receptors in the synaptic cleft can be presumed to behave in glutamate. These results would thus confirm the hypothesis that within 20-40 ms after release a ''quasi-steady-state'' a similar manner.
FIG . 2. Effects of cyclothiazide on EPSCs in UBCs.
A: dose dependence of the effects of cyclothiazide on the 10-90% rise time of the AMPA-receptor-mediated EPSC in UBCs. B: effects of cyclothiazide on the N-methyl-D-aspartate (NMDA)-receptor-mediated EPSC in UBCs. Traces illustrate averaged NMDA-receptor-mediated synaptic currents in the absence (Control) and presence of 100 mM cyclothiazide. NMDAreceptor-mediated synaptic currents were pharmacologically isolated by recording in the presence of 10 mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 10 mM bicuculline. J590-6 / 9k19$$se27 08-06-97 17:31:21 neupas LP-Neurophys FIG . 3. Dose dependence of the steady-state AMPA-receptor-mediated current in excised outside-out patches from UBCs and granule cells. A and C: steady-state dose-response curves for glutamate acting on AMPA receptors in excised outside-out somatic patches obtained from UBCs (A) and granule cells (C). B and D: simulation of the slow EPSC. Steady-state glutamate current in an excised patch from a UBC (B) and granule cell (D) during the washout of 1 mM glutamate from the recording chamber to simulate the slow decline of glutamate concentration ([glu] ) in a synaptic cleft. In patches from both cell types, a hump is observed during washout, which would be predicted from the steadystate dose-response curves (left). Data in A and C were normalized to the current at 50 mM; each point represents the mean { SE of 5 patches. Experiments were conducted in the presence of 10 mM bicuculline, 50 mM 7-chlorokynurenate, and 1.5 mM external magnesium. Traces in B and D were filtered at 500 Hz for clarity of display.
It has been proposed that the reduction of the steady-state the second stimulus should be smaller than that evoked by the first stimulus, because a fraction of the AMPA receptors current at high [glu] originates from an accumulation of receptors in the desensitized state (Raman and Trussell will be already bound. Furthermore, the steady-state current following this will display an initial undershoot, reflecting 1992). To test this proposal, steady-state dose-response curves to glutamate were performed in excised outside-out the expected steady-state current at a higher cleft [glu] . patches from UBCs in the presence of 100 mM cyclothiazide These observations were all confirmed in paired-pulse exper-( Fig. 4) . Surprisingly, the dose-response relation in the presiments (n Å 25), as illustrated in Fig. 5 . Furthermore, the ence of cyclothiazide was also bell shaped, with a peak application of cyclothiazide (150 mM, n Å 14) eliminated current at 50 mM (Fig. 4, ᭺) , and a hump in the current the undershoot observed to follow the second stimulus (Fig. was also observed during washout of 1 mM glutamate (not 5C, ᭢). shown), as in control patches from UBCs (Fig. 3B ). How-Paired-pulse experiments were also conducted as a means ever, in recordings from nucleated patches from UBCs in of exploring the time course of [glu] changes in the synaptic which potential effects of membrane stretch and cytoplasmic cleft and AMPA receptor occupancy. In 11 cells the interdialysis are reduced, cyclothiazide produced a dose-depenstimulus interval was systematically varied (50-2,000 ms) dent potentiation of the glutamate-evoked current at concenand the time-dependent changes in the peak amplitude of trations ú50 mM (Fig. 4 , , q), and no hump was observed the fast EPSC and steady-state current evoked by the second during the washout of glutamate ( Fig. 4, inset) . These results stimulus were examined. An example of one experiment is support the suggestion that the reduction of the steady-state illustrated in Fig. 6A . The peak amplitude of the fast EPSC current at concentrations ú50 mM arises from an accumulaevoked by the second MF stimulus is dramatically reduced tion of desensitized receptors.
at short interstimulus intervals. The amplitude of the fast EPSC evoked by the second MF stimulus will reflect the availability of unbound AMPA receptors in the synaptic Time course of [glu] in the synaptic cleft cleft. At short interstimulus intervals many AMPA receptors will be already bound by glutamate, and thus the fast EPSC Further validation of the glutamate entrapment hypothesis evoked by the test stimulus will be reduced. The peak of can be derived from experiments in which the [glu] in the the fast EPSC to the test stimulus can thus be used as a synaptic cleft was directly manipulated. Several strategies probe for the availability of AMPA receptors in the cleft, were adopted to explore this. In the first series of experiand the fraction of bound (unavailable) receptors can be ments, a second MF stimulus was delivered at or near the expressed as 1 0 (test EPSC amplitude/1st EPSC amplipeak of the slow EPSC. If the peak of the slow EPSC corretude). This fractional reduction in the test stimulus declines sponds to a cleft [glu] of 50 mM, as the steady-state dosewith time ( Fig. 6B) , indicative of the increasing availability response curve would suggest (Fig. 3A) , then the second of unbound AMPA receptors following the initial MF stimustimulus should drive the [glu] back into the millimolar lus. This decline in the ratio of the fast EPSC amplitudes will range within the cleft, initially evoking a fast EPSC mediated thus reflect the time course of AMPA receptor occupancy by glutamate binding to unoccupied receptors. The hypothesis would predict that the peak of the fast EPSC evoked by (estimated here as the relative postsynaptic responsiveness), J590-6 / 9k19$$se27 08-06-97 17:31:21 neupas LP-Neurophys state dose-response relation (50 mM, Fig. 3A ) was observed at an interstimulus interval of 200 ms. The point in time at which this relation yields no net steady-state current is Ç500 ms, a point in time that would correspond to a cleft [glu] on the rising slope of the steady-state dose-response curve producing a current equal to the maximum (Ç2.5 mM, Fig.  3A ). Thus it can be estimated from these measures that the cleft [glu] transiently equilibrates at concentrations in the range of 0.4-1 mM 40 ms after release, falls to 50 mM at 200 ms and to 2.5 mM at 500 ms, and slowly declines to concentrations insufficient to activate ionotropic receptors over the course of 5-6 s.
In a third series of experiments the cleft [glu] was manipulated by lowering the extracellular calcium concentration. By decreasing the probability of release at any given site, the steady-state cleft [glu] may be reduced to a concentration õ50 mM, whereon only a long tail should be observed following the fast EPSC. This prediction was also confirmed, as shown in Fig. 7A , where the slow EPSC was eliminated when the extracellular calcium concentration was reduced to 1.5 and 1.0 mM. In these experiments, the slow tail recorded at 1.0 mM extracellular calcium could then be reconverted into a slow EPSC by the delivery of a brief train of MF stimuli (200 Hz), which would presumably reflect a raised steady-state cleft [glu] of ú50 mM (Fig. 7B) . FIG . 4. Effects of cyclothiazide on the steady-state dose-response curves for glutamate acting on AMPA receptors in UBCs. Graph: biphasic steady-In many UBCs, a single MF stimulus does not normally state dose-response curve for glutamate in an excised patch (᭺) compared evoke a slow EPSC, but rather the fast EPSC is followed with nucleated outside-out patches in the presence of 100 mM (q) or 300 by a prolonged tail ( Fig. 6C of . It has mM () cyclothiazide. Cyclothiazide eliminated the reduction of the patch been suggested that the absence of a slow EPSC in these current at [glu] ú 50 mM in nucleated patches in a dose-dependent manner, cells reflects a difference in synaptic morphology (Slater et but was without effect in excised patches. Inset: current recorded in a nucleated patch in the presence of 100 mM cyclothiazide during the washout al. 1997b). In some UBCs the area of synaptic apposition of 1 mM glutamate (cf. Fig. 3B ). Note the absence of a hump in the current is not continuous, but is broken into numerous small contacts (cf. Fig. 3B ) during washout. Current in inset was filtered at 500 Hz. Data by diffusion into a region having larger volume and lacking a high density of ionotropic receptors, resulting in a steadystate cleft [glu] õ50 mM, and thus only a prolonged synaptic which in turn will be related to the time course of [glu] in the synaptic cleft. This rate of decline is similar to the rate of tail current is observed following the fast EPSC. In these cases, one might speculate that raising the levels of glutamate decay of the synaptic current in the presence of cyclothiazide ( Fig. 1A ; 10-90% decay time for EPSC in cyclothiazide Å released may result in a raised steady-state cleft [glu] ú50 mM, whereon a slow EPSC will be observed. To test this 2,070 ms, n Å 11; 10-90% decay of fast EPSC ratio Å 2,400 ms, n Å 11). The decline in receptor occupancy estimated by notion, brief repetitive MF stimuli (200 Hz) were applied and the responses of UBCs that displayed only synaptic tail paired-pulse experiments appears to approximate a singleexponential process (Fig. 6B) with a time constant of 800 currents to single stimuli (at 2.5 mM external calcium) were examined. In all cases examined (7 of 7), this resulted in ms and extinguishes at 5.4 s, the time at which no difference in the fast EPSC amplitudes was detected. Data were not the appearance of a slow EPSC, although the number of stimuli required to evoke a slow EPSC in any given cell obtained at short interstimulus intervals (õ50 ms, to avoid significant changes in presynaptic release), and thus the re-varied (3-5 stimuli). An example of such an experiment is illustrated in Fig. 7C . sults are not directly comparable with the initial decay of the synaptic current in the presence of cyclothiazide.
Paired-pulse experiments were also conducted in the presence of lowered extracellular calcium in five UBCs. The The undershoot of the ''steady-state current'' following the peak of the fast EPSC evoked by the second stimulus entrapment hypothesis would predict that when the cleft [glu] is lowered, a smaller fast EPSC and a reduction in the peaks at 40 ms in the majority of UBCs studied. Plots of the relationship between this steady-state current (measured ratio of the EPSCs will be observed, the initial steady-state current (Fig. 8, arrowheads) will be larger if the cleft [glu] 40 ms after the onset of the 2nd stimulus with respect to the baseline immediately preceding the second fast EPSC) and is nearer the peak of the dose-response curve, and the appearance of an undershoot in the current following the delivery interstimulus interval yield the biphasic relation shown in Fig. 6E . The maximal amplitude of the undershoot, which of a second stimulus will be abolished. These predictions were confirmed, as illustrated in Fig. 8, A and B . In UBCs would correspond to a cleft [glu] at the peak of the steady-J590-6 / 9k19$$se27 08-06-97 17:31:21 neupas LP-Neurophys FIG . 5. Paired-pulse experiments confirm the hypothesis that the slow EPSC arises from a steady-state current. A: averaged AMPA-receptor-mediated synaptic current in a UBC in response to single mossy fiber (MF) stimuli. B: responses of the same cell in which a 2nd MF stimulus was delivered just after the peak of the slow EPSC (᭢, interstimulus interval 800 ms). Note the reduction in the amplitude of the fast EPSC in response to the 2nd stimulus and the pronounced undershoot of the current that follows. C: effects of cyclothiazide on the synaptic current evoked by paired stimuli. Top trace (Control) is the same trace shown in B at a lower vertical gain; bottom trace is the averaged synaptic current following the application of cyclothiazide (150 mM). In the presence of cyclothiazide, no slow EPSC is observed (see also Fig. 1) , and the undershoot following the 2nd stimulus is abolished (᭢).
in which a slow EPSC was still present in lowered external Role of glutamate transport calcium, such as that illustrated in Fig. 8 , the latency-to-The very slow time course of the synaptic current in UBCs peak of the slow EPSC was reduced, presumably reflecting raises the possibility that glutamate reuptake may contribute the decreased cleft [glu], which will require less time to to the removal of glutamate from the synaptic cleft. To assess decline to the peak of the steady-state dose-response curve.
the contribution of glutamate reuptake to the time course of Furthermore, delivery of a brief paired stimulus train to the EPSC in UBCs, the effects of the competitive glutamate evoke more glutamate release also restored the undershoot transport inhibitor L-trans-PDC (Bridges et al. 1991) on the following the second stimulus in lowered external calcium time course of the AMPA-receptor-mediated EPSC were (Fig. 8C) as well as enhancing the amplitude of the slow EPSC and reducing the initial steady-state current.
examined. In the presence of 100 mM L-trans-PDC, a prolon-FIG . 6. Paired-pulse experiments suggest a long-lasting occupancy of AMPA receptors following MF stimulation. A-C: synaptic currents evoked by paired MF stimuli delivered at the indicated interstimulus intervals. D: assessment of the decline in AMPA receptor occupancy following glutamate release. Graph shows a semilogarithmic plot of the decline in the difference between the ratio of the fast EPSC evoked by paired MF stimuli, expressed as 1 0 (test EPSC amplitude/1st EPSC amplitude). Ratio declines with a time constant of 800 ms and decays to 0 at 5.4 s. E: plot of the amplitude of the initial steady-state current with interstimulus interval. Steady-state current was measured 40 ms after the onset of the 2nd stimulus with respect to the baseline immediately preceding this stimulus. At short intervals (50-400 ms) the initial steady-state current is positive (A), reflecting an undershoot in the current, which reverses between 400 and 600 ms (B) and gradually recovers to negative values after several s (C). These results, taken together with those presented in Fig. 3 , allow predictions to be made regarding the time course of decline of glutamate levels in the synaptic cleft following release (see text). J590-6 / 9k19$$se27 08-06-97 17:31:21 neupas LP-Neurophys FIG . 7. Modulation of presynaptic release probability affects the amplitude of the slow EPSC. A: AMPA-receptor-mediated synaptic currents in a UBC recorded at 2.5 (Control), 1.5, and 1.0 mM external calcium. Traces are averaged responses to single MF stimuli at each external [calcium] . Note the abolition of the slow EPSC by lowered external calcium. B: slow EPSC at a lowered external calcium concentration (1 mM) is restored by delivery of a brief stimulus train (3 stimuli 100 ms in duration at 200 Hz). C: AMPA-receptor-mediated synaptic currents in some UBCs recorded in the presence of 2.5 mM external calcium lack a slow EPSC and display only a prolonged tail current in response to single MF stimuli (single stimulus). Slow EPSC can be revealed in these cells by the application of a brief stimulus train (repetitive stimulus, 5 stimuli 100 ms in duration at 200 Hz). gation of the late component of the EPSC was observed, as prolonged occupancy of postsynaptic receptors following a well as an increase in the total charge in 12 of 15 cells single stimulus (Fig. 6), and 4) the steady-state dose-restudied (36 { 6%, P õ 0.05), despite a decrease in the sponse data, which predict the time course of the slow EPSC amplitude of the fast EPSC in all cells (24 { 6% decrease, and changes in the EPSC waveform with paired stimuli and Fig. 9 ). These effects were readily reversible on washout of reduced release. This situation is dramatically different from L-trans-PDC. In contrast to the effects of L-trans-PDC in that in other glutamatergic synapses, where the lifetime of other neurons (Barbour et al. 1994 ; Isaacson and Nicoll glutamate has been estimated from rapid perfusion experi-1993; Sarantis et al. 1993; , no sigments (see Jonas and Spruston 1994 for review) and the nificant inward current was produced by L-trans-PDC in effects of competitive antagonists (Clements 1996; Clements UBCs. However, these studies employed higher concentraet al. 1992) to be very brief (1-2 ms), and thus the fast tions of L-trans-PDC (300-500 mM); when a higher dose AMPA component of the EPSC declines rapidly without of L-trans-PDC (300 mM) was applied to UBCs, the synaptic significant rebinding of glutamate (Clements 1996 ; Edcurrent was almost completely blocked. When 100 mM monds et al. 1995; Jonas and Spruston 1994; Jones and L-trans-PDC was applied in the presence of cyclothiazide Westbrook 1996). Deactivation appears to be the predomi-(100 mM), the fast EPSC amplitude was reduced (17% { nant factor in sculpting the decay of the fast EPSC, but 5%), with a concomitant increase (33 { 17%) in the total desensitization may also be important at other giant synapses charge in 7 of 10 cells and prolongation of the time course when the release probability is high . of the slow EPSC (10-90% decay time in cyclothiazide Data regarding the dose dependence of the steady-state alone: 2,070 { 247 ms; cyclothiazide / L-trans-PDC: current in UBCs (Fig. 3A ) and the synaptic currents evoked 3,076 { 376 ms; P õ 0.05).
by paired stimuli (Fig. 6 ) allow estimates to be made of the time course of glutamate within the synaptic cleft and the D I S C U S S I O N mechanism by which the slow EPSC is produced. This is schematically illustrated in Fig. 10 . It can be assumed that Time course of glutamate in the MF-UC synaptic cleft glutamate released at individual sites transiently achieves a concentration at the postsynaptic membrane in the low A number of lines of evidence support the hypothesis that millimolar range within 50 ms, as in other glutamatergic glutamate remains entrapped in the MF-UBC synapse for synapses (Clements 1996) . The concentration will then deprolonged periods of time and that the resulting EPSC is cline rapidly to equilibrate between cleft compartments (Fig.  produced by the repeated binding and unbinding of transmit-10A) . At Ç40 ms a steady-state current is achieved (labeled ter to postsynaptic receptors. These include 1) the slow time a in Fig. 10, A and B) ; this current gradually rises in amplicourse of the AMPA component when desensitization is tude as the [glu] further declines by diffusional escape from blocked by cyclothiazide (Fig. 1) , 2) the time course of the edges of the synaptic matrix, giving rise to the observed changes in synaptic conductance, which mirror the time slow EPSC. A peak is generally observed at Ç200 ms, which course of the synaptic current estimated in voltage jump would correspond to the peak of the biphasic dose-response experiments , 3) paired-pulse experiments curve for the steady-state current (labeled b in Fig. 10C ). displaying a prolonged reduction of the amplitude of the fast EPSC evoked by a second MF stimulus, indicative of With the further decline in [glu] the slow EPSC will first J590-6 / 9k19$$se27 08-06-97 17:31:21 neupas LP-Neurophys reach a value equal to the initial equilibrium value (labeled c in Fig. 10, B and C) and then decay to the holding current.
In paired-pulse experiments, maximal values of the undershoot are observed when the second stimulus is applied at the peak of the slow EPSC (labeled b in Fig. 10, B-D) , which would correspond to the maximal drop in I ss expected if the surge of additional glutamate into the cleft by the second stimulus reequilibrated at maximal values (difference between b and a in Fig. 10C ). Because maximal values of I ss and the undershoot were observed at 50 mM glutamate and 200-ms intervals, respectively, the data would suggest that cleft [glu] falls to 50 mM at 200 ms. In paired-pulse experiments the initial values of I ss reverse at intervals of Ç500 ms, which would correspond to a concentration of 2.5 mM glutamate estimated from the dose-response relations for I ss (labeled c in Fig. 10, C and D) . At this time interval the second fast EPSC is reduced by Ç50%. It has been shown that a low [glu] induces AMPA receptor desensitization that inhibits the response to a subsequent high [glu] or FIG . 9. Actions of the glutamate reuptake inhibitor L-trans-pyrrolidine-2,4-dicarboxylate (L-trans-PDC) on the biphasic AMPA-receptor-mediated EPSC in UBCs. A: time course of the AMPA-receptor-mediated EPSC in a UBC before (Control) and after the application of 100 mM L-trans-PDC. B: histogram of the normalized effects of L-trans-PDC on the peak of the fast EPSC (normalized peak) and the total synaptic charge (normalized area) for 12 UBCs. Note the prolongation of duration ( A) and consequent increase in total charge (B) produced by L-trans-PDC despite the significant reduction in the amplitude of the fast and slow components of the EPSC. a synaptic stimulation with a median inhibiting concentration in the range of 1-10 mM (Colquhoun et al. 1992) . Thus our estimate of 2.5 mM at the time (500 ms) at which a 50% reduction in the fast EPSC occurs fits well with the data of Colquhoun et al. (1992) . AMPA receptor occupancy, estimated by the ratio of fast EPSCs evoked by paired stimuli (Fig. 6) , declines with a time constant of 800 ms to zero at 5.4 s, which is similar to the rate of decay of the EPSC in the presence of cyclothiazide (Fig. 1) .
There are several important caveats to these estimates of the time course of [ glu ] in the cleft. One is that presynaptic contributions to the changes in EPSCs are ignored. MF-evoked EPSCs in granule cells ( which are postsynaptic to the same terminals as UBCs ) generally display FIG . 8. Paired-pulse experiments in lowered extracellular calcium. A: paired-pulse depression, but the time course of recovery AMPA-receptor-mediated EPSC evoked by paired single stimuli in the of this has not been examined. Thus it is possible that presence of 2.5 mM external calcium. Second stimulus was delivered at some contribution of changes in presynaptic release may the peak of the slow EPSC (interstimulus interval 500 ms), producing an extend beyond 50 ms. Another consideration is that the undershoot of the steady-state current B: synaptic current in the same cell synaptic ultrastructure of the MF-UBC synapse is highly evoked by paired single stimuli in the presence of a lowered (1.1 mM) external calcium concentration. C: restoration of the undershoot evoked by variable, and the estimates above pertain only to the cell the 2nd stimulus in the presence of lowered external calcium (1.1 mM) by popuation studied here. Many UBCs display only a slow delivery of a pair of brief stimulus trains (6 stimuli 100 ms in duration at tail of AMPA current ( e.g., Fig. 7C ) , whereas in others 200 Hz). For clarity of presentation, the current before and after each fast the time-to-peak of the slow component may be as long EPSC was filtered at 200 Hz. Arrowheads: amplitude of the initial steadystate current 40 ms after the stimulus. as 1 s (not shown ) . Finally, it must be borne in mind that J590-6 / 9k19$$se27 08-06-97 17:31:21 neupas LP-Neurophys Fig. 6E ) to illustrate the mechanism of the AMPA-receptor-mediated synaptic current in UBCs. The first MF stimulus evokes a current that peaks and then rapidly decays to an initial steady state after Ç40 ms (labeled a in B and C). Synaptic current then rises to the peak of the slow EPSC as cleft [glu] falls and the peak of the dose-response curve for the steady-state current is reached (labeled b in C-D). Delivery of a 2nd stimulus at this point evokes a 2nd fast EPSC of reduced amplitude followed by an undershoot of the steady-state current (labeled b in B) as cleft [glu] reequilibrates at a higher level, which will produce a smaller current (from b to a in C). After the undershoot a slow EPSC reemerges with the decline in cleft [glu], decays to a level equal to the current immediately after the fast EPSC (labeled c in B-D), and finally decays to zero as glutamate levels fall to ineffective concentrations within the cleft. the time course of the EPSC in any individual cell reflects tethered to filamentous actin ( Rosenmund and Westbrook 1993 ) and A-kinase-anchoring proteins tether protein ki-the sum of changes at each region of synaptic apposition, and these vary greatly in size. Thus the total synaptic nase A, which modulates the gating of AMPA receptors ( Rosenmund et al. 1994 ) . Furthermore, with the use of current will reflect both fast and slow EPSCs generated at individual regions of apposition.
both rapid perfusion techniques and flash photolysis of caged glutamate, it has been shown that the fractional A central requirement of the glutamate entrapment hypothesis Slater et al. 1997b ) is that steady-state AMPA current is larger in intact cells when compared with excised patches from the same cell type significant steady-state currents are generated at the postsynaptic membrane. Steady-state currents of this magni- ( Margulis and Tang 1996; Raman and Trussell 1992 ) .
Alternative hypotheses for the generation of the slow tude ( 10 -30 pA ) are not generally observed in rapid perfusion experiments employing excised patches derived EPSC, such as a secondary metabotropic-glutamate-receptor-mediated EPSC ( Batchelor et al. 1994 ) , are not com-from somatic membrane. This discrepancy may be explained if AMPA receptors at the subsynaptic membrane patible with the observed undershoot of the current in paired-pulse experiments ( Figs. 5 and 6 ) or the CNQX display gating properties different from those at nonsynaptic locations, and indeed, NMDA receptors appear to be sensitivity of this component Contribution of desensitization to the time course of the mentous actin tethered to AMPA receptors at nonsynaptic sites, by dialysis of intracellular messengers, or by mem-synaptic current brane stretch during the excision process, which can modu-The present data indicate that the complex three-dimenlate glutamate receptor channel properties (Zhang et al. sional geometry of the MF-UBC synaptic cleft acts to effec-1996) . tively entrap glutamate after release at multiple sites for very prolonged periods (5-6 s, see preceding text). The abolition Contribution of glutamate reuptake of the slow EPSC and overall enhancement of the EPSC by cyclothiazide (Fig. 1) suggests that desensitization strongly
The failure of reuptake blockers to significantly potentiate contributes to the time course of the EPSC, because cyclothi-AMPA-receptor-mediated synaptic currents at some synazide blocks AMPA receptor desensitization, and thus the apses (Hestrin et al. 1990; Isaacson and Nicoll 1993 ; Sarantis synaptic current in the presence of cyclothiazide will approxet al. 1993) has been interpreted as evidence that the clearimate the time course of receptor occupancy. Because ance of glutamate from the synaptic cleft occurs predomi-AMPA receptors have a low affinity for glutamate (Patneau nantly by diffusion. A contribution of reuptake can be seen and Mayer 1990), the time course of the AMPA current at synapses with multiple release sites, such as UBCs (Fig.  will somewhat underestimate the lifetime of glutamate at 9) and calyceal synapses (Otis et al. 1996) , and in cases in this synapse. However, these estimates are further compliwhich significant ''cross talk'' may occur between densely cated by other actions of cyclothiazide not related to the packed individual terminals (Barbour et al. 1994 ; Mennerick blockade of desensitization of the AMPA receptor, such as and Zorumski 1995; . In glomerular a slowing of deactivation kinetics (Patneau et al. 1993 ; Rasynapses of the cerebellum, the escape of glutamate from man and Trussell 1995b) and presynaptic enhancement of the cleft at MF-UBC and MF-granule cell synapses must glutamate release via desynchrony of release and an increase take place by diffusion through a labyrinthine three-dimenin release probability (Diamond and Jahr 1995) . A slowing sional volume formed by densely packed UBC, granule cell, of glutamate dissociation from the AMPA receptor would and Golgi cell dendritic processes Ç3-4 mm in cross-secresult in a prolonged EPSC, but it should be noted that tional distance (Jakab 1989; Jakab and Hámori 1988 ; Mugthe NMDA-receptor-mediated component lasts for several naini 1972; Palay and Chan-Palay 1974). However, the difseconds, despite desensitization, and it can be speculated fusional flux of glutamate will be further limited by extracelthat glutamate lasts for periods of up to 5 s at least ( Fig. lular tortuosity (l) , which in the cerebellar granular layer 6D). An enhancement of presynaptic glutamate release by has a mean value of 1.7 (Krizaj et al. 1996) . Glutamate cyclothiazide would be unlikely to significantly contribute transporters are localized primarily to glial cell membranes to the time course of the AMPA current in cyclothiazide that envelop this complex glomerular space (Chaudhry et over the long time scale of the EPSC, because NMDAal. 1995; Storm-Mathisen et al. 1995) . Thus the distance receptor-mediated synaptic currents in the presence of from the synaptic cleft to areas of extracellular space in cyclothiazide were not prolonged in duration (Fig. 2B) . which reuptake will significantly buffer glutamate levels is Some contribution by a presynaptic action of cyclothiazide considerable (5-8 mm, corrected for l). In the case of cereto the peak current would be expected, however. An analysis bellar granule cells, reuptake inhibitors do not produce a of the effects of cyclothiazide on miniature EPSCs would marked prolongation of the decay of the fast EPSC (Sarantis be useful in this regard, but spontaneous miniature EPSCs et al. 1993), although a significant effect is seen in these are rare in UBCs, and we have thus far been unable to cells during repetitive activation of MFs (Slater and Kinney provoke miniature EPSCs by the application of a-latrotoxin 1996). In UBCs, however, the effects of reuptake blockade (Fesce et al. 1986; Grasso and Mercanti-Ciotti 1993) or are readily observed to single afferent stimuli ( Fig. 9 ); this hyperosmotic solutions (Bekkers and Stevens 1995) .
would infer that the diffusional escape of glutamate at this synapse is sufficiently slow that glial reuptake effectively The observation that cyclothiazide was without effect in excised patches from UBCs, but was effective in nucleated regulates the concentration gradient within the glomerular volume and thus influences the diffusional flux of glutamate patches, indicates that the process of patch excision abolished the ability of cyclothiazide to block desensitization. from the synaptic cleft.
The reduction of amplitude of the fast and slow compo-This result is surprising, because a blockade of AMPA receptor desensitization by cyclothiazide in excised patches has nents of the EPSC in the presence of L-trans-PDC may result from cross-desensitization of synaptic AMPA receptors by been observed in other neurons (e.g., Arai and Lynch 1996; Bertolino et al. 1993; Eliasof and Jahr 1997; Partin et al. elevated extracellular glutamate levels. In other neuronal cells this is accompanied by an inward current (Barbour et 1996) . Cyclothiazide binds to serine residues at position 750 in an extracellular loop of AMPA receptors to inhibit al. 1994; Isaacson and Nicoll 1993; Sarantis et al. 1993; , but inward currents were not ob-desensitization (Partin et al. 1995 (Partin et al. , 1996 . The elimination of cyclothiazide sensitivity by patch excision in UBCs would served in UBCs at a concentration (100 mM) sufficient to produce a reduction of the EPSC amplitude. Thus the raised suggest that intracellular factors necessary for the action of cyclothiazide are disrupted. UBCs possess a dense subsynap-extracellular glutamate levels may act to depress glutamate release via activation of presynaptic metabotropic glutamate tic web that is devoid of neurofilaments (Harris et al. 1993; Mugnaini et al. 1994 ) and enriched in filamentous actin receptors (Maki et al. 1994) , which is consistent with the observed reduction of EPSCs by L-trans-PDC when desensi- (Diño et al. 1996) . The elimination of cyclothiazide sensitivity by patch excision may arise from the disruption of fila-tization was blocked by cyclothiazide. J590-6 / 9k19$$se27 08-06-97 17:31:21 neupas LP-Neurophys
Giant synapses and synaptic transmission into a region that relieves magnesium channel block and enables the expression of the NMDA-receptor-mediated Giant glutamatergic synapses are found in both the periphcomponent. Second, the slow AMPA-receptor-mediated eral and central circuitry of the auditory and vestibular sys-EPSC will function as positive feedback to maintain the tems and fall into two major classes, the well-described calydepolarization. This will be most effective in cells that disceal synapses and the more recently discovered MF-UBC play a prominent slow EPSC, but the high input resistance type. Giant calyceal synapses within central and peripheral of the UBC will require only small amounts of synaptic auditory and vestibular circuits share some similarities with current to generate a significant depolarization, and thus the MF-UBC synapse in that both classes of synapse have UBCs displaying only a small tail current will also be effecmultiple release sites and there is a large area of apposition tive in this regard. The generation of slow AMPA-receptorof pre-and postsynaptic membrane (e.g., Mattox et al. 1985 ; mediated EPSCs in all UBCs by brief repetitive stimuli has Mugnaini et al. 1994; Parks et al. 1990; Wright et al. 1996) . important physiological implications in that high-frequency Thus a high degree of synchrony of presynaptic release of bursts of afferent activity are normally observed in MFs in transmitter will be achieved, which will be of functional vivo (Bauswein et al. 1984; van Kan et al. 1993) . Thus importance in these pathways. However, the presynaptic terbursts of MF activity will preferentially produce a sustained minal at calyceal synapses forms a network of individual train of postsynaptic action potentials arising from the facilidigitiform contacts, apposed to which clusters of glutamate tation of the slow AMPA-receptor-mediated EPSC as well receptors are found (Dememes et al. 1995) and between as temporal summation of the NMDA-receptor-mediated which glutamate can more rapidly escape to extracellular EPSC in UBCs. space. At these synapses, glutamate may persist within the not been identified. MFs innervating UBCs of the dorsal receptors in patches excised from fields CA1 and CA3 of the hippocamcochlear nucleus may arise from the cuneate region (Wright pus. Brain Res. 716: 202-206, 1996. and Ryugo 1996) . Although a subset of cerebellar UBCs in BARBOUR, B., KELLER, B. U., LLANO, I., AND MARTY, A. Prolonged presthe nodulus receives cholinergic MFs, which likely arise ence of glutamate during excitatory synaptic transmission to cerebellar Purkinje cells. Neuron 12: 1331-1343, 1994. from the medial vestibular nucleus , BATCHELOR, A. M., MADGE, D. J., AND GARTHWAITE, J. Synaptic activation many are directly innervated by primary vestibular fibers of of metabotropic glutamate receptors in the parallel fibre-Purkinje cell the eighth nerve (Diño et al. 1997) , which may represent pathway in rat cerebellar slices. Neuroscience 63: 911-915, 1994. one source of glutamatergic afferents to these cells. Cerebel-BAUSWEIN, E., KOLB, F. P., AND RUBIA, F. J. Cerebellar feedback signals lar UBCs give rise to an axon that branches within the granuof a passive hand movement in the awake monkey. Pflügers Arch. 402: 292-299, 1984. lar layer, giving rise to terminals that likely innervate a BEKKERS, J. M. AND STEVENS, C. F. Quantal analysis of EPSCs recorded subset of granule cells (Berthié and Axelrad 1994; Rossi et from small numbers of synapses in hippocampal cultures. J. Neurophysal. 1995; Slater et al. 1997b) . A single action potential in iol. 73: 1145-1156, 1995. the MF innervating a cerebellar UBC may thus drive a train BERTHIÉ, B. AND AXELRAD, H. Granular layer collaterals of the unipolar brush cell axon display rosette-like excrescences. A Golgi study in the of EPSCs in a large ensemble of granule cells. The elucidarat cerebellar cortex. Neurosci. Lett. 167: 161-165, 1994. tion of the circuitry within which UBCs reside and the physi-BERTOLINO, M., BARALDI, M., PARENTI, C., BRAGHIROLI, D., DIBELLA, M., ological conditions for the activation of these unique cells VICINI, S., AND COSTA, E. Modulation of AMPA/kainate receptors by in vivo represent important goals for future research.
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